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basis of general cognitive abilities. Examples for such functions 
are working memory (WM) and executive functions (Klingberg 
et al., 2005; Diamond et al., 2007; Dahlin et al., 2008; Jaeggi et al., 
2008; Li et al., 2008; Karbach and Kray, 2009), perceptual speed 
(PS; Ball et al., 2007), or sensory discrimination (Mahncke et al., 
2006). Jaeggi et al. (2008) recently reported transfer of WM train-
ing to performance on a matrices test of Gf. However, as transfer 
of training had been demonstrated for only one task, the study 
does not warrant strong conclusions about the scope of transfer 
(Sternberg, 2008; Moody, 2009). Specifically, transfer may have 
just been restricted to a single test of Gf based on figural materials 
and may have been absent for other fluid tests with figural con-
tent, or for tests using numerical or verbal materials. Generally, 
demonstrating that transfer has occurred for a single test of a 
particular ability is insufficient for claiming that this ability has 
improved. Whenever transfer effects are reported for just one 
task, it is more parsimonious to assume that the observed gains, 
both on the trained and on the transfer task, result from com-
monalities in mechanisms and content that does not generalize 
to cognitive abilities.
To overcome these limitations, proposals have been made to 
base the evaluation of transfer effects on changes at the ability 
level (Lövdén et al., 2010; McArdle and Prindle, 2008; Noack et al., 
2009). Using established hierarchical structures of cognitive abilities 
(e.g., Carroll, 1993) as a reference frame, arbitrary definitions of 
near vs. far transfer can be replaced with definitions of transfer in 
terms of narrow, broad, or general abilities. Such a shift of transfer 
assessment from tasks to abilities can be achieved in two steps. 
First, the targeted abilities have to be indexed by more than one 
task, and preferably with tasks that vary both in procedure and 
content to represent the given ability in a sufficiently broad way 
(Little et al., 1999).
IntroductIon
The goal of improving cognitive abilities through practice and 
training has been pursued in numerous intervention studies, par-
ticularly with older adults (for reviews, see Baltes and Lindenberger, 
1988; Verhaeghen et al., 1992; Kramer and Willis, 2002; Rebok et al., 
2007; Hertzog et al., 2009; Lustig et al., 2009; Noack et al., 2009). The 
main conclusions drawn from this research were that: (a) cogni-
tive performance can be substantially improved through strategy 
training and practice up to very old age; (b) performance gains 
can be maintained up to several years; and (c) positive transfer of 
training to non-practiced tasks is generally non-existent or small 
(see also Owen et al., 2010).
The widespread absence of positive transfer in cognitive inter-
vention studies is consistent with the longstanding distinction 
between the acquisition of skills, with limited applicability beyond 
trained tasks, and the improvement of abilities, denoting gains in 
general mechanisms and capacities that carry the potential for 
improved performance across a wide range of tasks (cf. Thorndike, 
1906). If training does not just improve task-specific skills but also 
broad cognitive abilities (cf. Carroll, 1993), then even small effects 
could lead to important benefits for individuals’ everyday intel-
lectual competence, as these improvements would generalize to 
all sorts of cognitive activities. Furthermore, even small delays or 
reductions of age-associated declines in cognitive abilities could 
substantially prolong individuals’ capacity for leading independ-
ent lifes (Hertzog et al., 2009). However, if training and transfer 
effects are restricted to the tasks in question, such benefits would 
have little practical significance.
Going beyond earlier attempts to improve cognitive abilities 
through strategy training in the domains of episodic memory 
(EM) and fluid intelligence (Gf), recent approaches have tar-
geted specific cognitive functions that are presumed to form the 
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Second,  statistical  analyses  need  to  focus  on  the  variance 
common to the different tasks. Factor analysis is a suitable sta-
tistical tool to this end, as it separates common variance from 
task-  specific variance and measurement error. Specifically, con-
firmatory   factor-analytic techniques (Bollen, 1989) can be used 
to test specific hypotheses about transfer effects by (a) specifying 
in advance which tasks represent which construct and (b) making 
sure that these relations are invariant across experimental groups 
and occasions. When applied to multiple measures administered 
before and after an intervention, these techniques allow differences 
in performance between pre-test and post-test to be extracted “at 
the latent level”, that is, at a level that represents the components 
of the variance common to the set of tasks indexing a given ability. 
If positive transfer effects, defined as reliably larger performance 
gains in the intervention group than in the control group, are found 
at the level of latent factors, then there is an empirical basis for 
interpreting the results as improvements in cognitive abilities. The 
definition of these abilities as narrow, broad, or general provides 
common ground for the comparison of transfer effects from dif-
ferent studies. Clearly, these definitions are contingent upon the 
structural model of cognitive abilities that is chosen as a point 
of reference. In our case, we opted for the taxonomy by Carroll 
(1993), which has been validated across a wide range of test bat-
teries and samples. Because reliability of observed performance 
measures of single tasks is generally limited, it can even be the case 
that improvements on several individual tasks are not statistically 
significant, while the improvement at the level of a common factor 
of these tasks is. This finding would denote still stronger evidence 
for transfer at the ability level than significant improvements on 
an individual task that is not accompanied by improvement on the 
corresponding latent factor.
Based on this rationale, we investigate whether practice in cog-
nitive tasks can lead to enhancements at the latent ability level in 
younger and older adults. We report data from the COGITO Study, 
which is both more intensive and more extensive than any other 
cognitive intervention study conducted so far. The intervention was 
intensive because participants, 101 younger and 103 older adults, 
practiced twelve computerized tasks representing the cognitive 
abilities of PS, EM, and WM, and extensive because the amount 
of training comprised over 100 daily sessions of about 1 h each.
Normal aging is associated with a loss of cognition-related brain 
resources (Craik, 1983; Park et al., 1996; Lindenberger and Baltes, 
1997). Animal models (Kempermann, 2008) and age-comparative 
training studies with humans (Brehmer et al., 2007; Shing et al., 
2008) suggest that cognitive plasticity is reduced but not completely 
lost in old age. We therefore hypothesized that cognitive interven-
tion would be more effective in improving cognitive abilities in 
younger than in older adults.
Similar to other recently developed training programs (Klingberg 
et al., 2005; Dahlin et al., 2008; Jaeggi et al., 2008), our battery 
included three tests of WM. In addition, it also contained three 
tests of EM and six tests of PS. Furthermore, for each of the three 
abilities the chosen tasks varied in procedures and content, con-
sisting of verbal, numerical, or figural-spatial information. Hence, 
the psychometric space of human cognitive abilities was repre-
sented more broadly than in earlier studies, which has at least two 
advantages regarding the likelihood of producing transfer effects. 
First, the varied selection of tasks allows increasing the dosage of 
training, compared to most existing studies, by keeping up moti-
vation of the participants to practice for many sessions. Second, 
from a person-centered perspective, training tasks of more than 
one ability increases the chances of improvements in at least one 
of the abilities. By administering a large battery of transfer tasks 
at pre- and post-test, we were able to comprehensively examine 
the amount and scope of transfer effects. Specifically, the present 
battery included three near-transfer WM tasks, three far-transfer 
WM tasks, a word-pair EM task, a set of Raven Matrices, and a total 
of 27 tests from a standard paper-and-pencil battery designed to 
measure Gf, EM, and PS. To separate training from retest effects, 
age-matched test-retest-only control groups were assessed as well. 
We describe these groups as no-training control groups, as pre- 
and post-test sessions each involved 10 sessions of 2.0–2.5 h filled 
with mostly cognitive testing, so that labeling these groups as “no-
contact” controls would be misleading.
Materials and Methods
ParticiPants and Procedure
During the training phase of the study, 101 younger (51.5% 
women, age: 20–31 years) and 103 older adults (49.5% women, 
age: 65–80 years) completed an average of 101 practice sessions 
(younger adults: M = 100.8, SD = 2.6, range = 87–109; older 
adults: M = 101.0, SD = 2.7, range = 90–106). Participants prac-
ticed individually in lab rooms containing up to six computer 
testing  places.  Participants  in  the  no-training  control  group 
were 44 younger (47.7% women, age: 21–29 years) and 39 older 
adults (48.7% women, age: 65–81 years). Practice and control 
groups were matched on age, initial cognitive status, and educa-
tion (Table 1). Both younger and older samples were quite rep-
resentative regarding general cognitive functioning, as indicated 
by comparisons of Digit-Symbol performance with data from 
a population-based study and a meta-analysis (see Figure 1). 
Attrition rate for those participants who had entered the longi-
tudinal practice phase was low (i.e., 15 out of 219 participants; 
for details on rates and reasons of dropout in the different study 
phases, see Schmiedek et al., 2010).
Before and after the longitudinal phase, participants completed 
pre- and post-tests during 10 sessions that consisted of 2.0–2.5 h 
of comprehensive cognitive test batteries and self-report question-
naires. On average, the time that elapsed between pre- and post-test 
was 197 vs. 193 days for the younger and 188 vs. 189 days for the 
older intervention and control groups, respectively. Participants in 
the intervention groups were paid between 1450 and 1950 EUR, 
depending on the number of completed sessions and their pace of 
completing the longitudinal phase of the study. Participants in the 
control groups were paid 460 EUR.
In each practice session, participants practiced 12 different 
tasks. For PS, these were three two-choice reaction tasks (odd vs. 
even numbers; consonants vs. vowels; symmetric vs. asymmetric 
figures) and three comparison tasks (two strings of digits; two 
strings of consonants; two three-dimensional figures). For EM, 
participants had to memorize word lists, number-word pairs, 
or object positions in a grid. WM tasks were adapted versions 
of the alpha span (Craik, 1986), numerical memory updating 
(Salthouse et al., 1991), and spatial n-back (Cohen et al., 1997) Frontiers in Aging Neuroscience  www.frontiersin.org  July 2010  | Volume 2  | Article 27  |  3
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[e.g., (0.10 + 1.0)/2 = 0.55 for memory updating], the minimum 
level was defined by the midpoint between lower asymptote level 
and the upper level [e.g., (0.10 + 0.55)/2 = 0.325 for memory 
updating]. The PT was then chosen so that the predicted perform-
ance level based on the TAF was above the minimum level and 
below the upper level. If   performance was above the upper level 
for the second-but-fastest PT, then the fastest PT was chosen, even 
if predicted accuracy was below the minimum level for the fastest 
PT. Lower asymptote level was set to 0.10 for memory updating, to 
0.50 for the 3-back and the choice reaction tasks, and to 0.00 for the 
EM tasks. For the Alpha span task, we deviated from the described 
procedure and chose 0.00 as lower asymptote, 0.40 as minimum 
level, and 0.60 as upper level, based on empirically observed TAFs. 
Regarding the choice reaction tasks, the fast masking time was 
chosen based on a medium level of 0.625 and an upper level of 
tasks. Tasks were carried out in small groups of 2–5 participants 
at a PC, using the keyboard, mouse, as well as special button boxes 
for the   different tasks. To maximize and even out the cognitive 
challenge of these tasks across individuals, while also maintain-
ing motivation, difficulty levels for the EM and WM tasks were 
individualized using different presentation times (PT) based on 
pre-test performance. For each task and each individual, mean 
accuracies for the different PT conditions at pre-test were fitted 
with exponential time-accuracy functions (including freely esti-
mated parameters for onset, rate, and asymptote as well as a lower 
asymptote parameter fixed to different values for each task, e.g., 
0.10 for memory updating). The fitted values from these functions 
were used to choose PTs that are clearly above random guessing 
but below some upper level. The upper level was defined by the 
midpoint between the lower asymptote level and perfect accuracy 
Table 1 | Sample means (SDs) of practice and control groups.
  Younger adults  Control group  Older adults  Control group 
  practice group    practice group
Age  25.6 (2.7)  25.2 (2.5)  71.3 (4.1)  70.6 (4.0)
Years of education  16.1 (3.2)  15.7 (2.7)  13.6 (3.6)  13.0 (3.9)
WAIS Digit-Symbol  60.3 (9.5)  59.6 (8.7)  43.6 (9.0)  44.4 (8.8)
Accuracy Spot-a-Word Test (Lehrl, 1991)  0.66 (0.10)  0.64 (0.11)  0.81 (0.10)  0.79 (0.09)
Figure 1 | Performance scores on Digit-Symbol Substitution Test as a function of age for Berlin Aging Study Participants (black circles), COgiTO study 
intervention group participants (blue circles), COgiTO study control group participants (green circles). “+” signs denote means for these groups and for 
meta-analytic results from Hoyer et al. (2004; in red).Frontiers in Aging Neuroscience  www.frontiersin.org  July 2010  | Volume 2  | Article 27  |  4
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Object position memory. Sequences of 12 colored photographs of 
real-world objects were displayed at different locations in a 6 by 6 
grid with PT individually adjusted based on pre-test performance. 
PT were 1000, 2000, or 4000 ms. ISI was 1000 ms. After presenta-
tion, objects appeared at the bottom of the screen and had to be 
moved in the correct order to the correct locations by clicking on 
the objects and the locations with the computer mouse. Two trials 
were included in each daily session.
Working memory
Alpha span. Ten upper-case consonants were presented sequentially 
together with a number below the letter. For each letter, participants 
had to decide as quickly as possible whether the number corre-
sponded to the position of the current letter in the alphabet within 
the set of letters presented up to this step. Five of the ten items were 
targets. If the position numbers were incorrect (non-targets) they 
differed from the correct position by ±1. The presentation time for 
the letters was individually adjusted based on pre-test performance. 
The possible PT were 750, 1500, and 3000 ms. ISI was 500 ms. Eight 
trials were included in each daily session.
Memory updating numerical. Four single digits (ranging from 
0 to 9) were presented simultaneously in four cells situated hori-
zontally for 4000 ms. After an ISI of 500 ms, a sequence of eight 
updating operations were presented in a second row of four cells 
below the first one. These updating operations were additions and 
subtractions within a range of −8 to +8. Those updating operations 
had to be applied to the digits memorized from the corresponding 
cells above and the updated results had to be memorized. Each 
updating operation was applied to a different cell from the one a 
step earlier in the sequence, so that no two updating operations 
had to be applied to one cell in a sequence. The presentation time 
for each updating operation was individually adjusted based on 
pre-test performance. Possible PT were 500, 1250, and 2750 ms. 
ISI was 250 ms. At the end of each trial, the four end results had to 
be entered in the four cells in the upper row. All intermediate and 
end results ranged between 0 and 9. Eight trials were included in 
each daily session.
3-Back spatial. A sequence of 39 black dots appeared at varying 
  locations in a 4 by 4 grid. Participants were supposed to recognize 
whether each dot was in the same position as the dot three steps earlier 
in the sequence or not. Dots appeared at random locations with the 
constraints that (a) 12 items were targets, (b) dots did not appear in 
the same location in consecutive steps, (c) exactly three items each 
were 2-, 4-, 5-, or 6-back lures, that is, items that appeared in the 
same position as the items 2-, 4-, 5-, or 6 steps earlier. No lures of lags 
longer than 6 were included. The presentation rate for the dots was 
  individually adjusted based on pre-test performance by varying the 
ISI. The presentation time for the dots was always 500 ms. ISI was 500, 
1500, or 2500 ms. Four trials were included in each daily session.
transfer tasks
Transfer tasks included computerized tasks as well as 27 tasks from 
the paper-and-pencil Berlin Intelligence Structure Test (BIS; Jäger 
et al., 1997). The three near-transfer WM tasks were based on the 
same three paradigms as the practiced WM tasks, but used different 
0.75, while for the slow masking time, those levels were 0.875 and 
0.95, respectively. PTs and masking times were kept constant over 
the intervention period.
PractIced tasks
Perceptual speed: choice reaction tasks (CRTs)
All three CRTs were based on the same stimulus layout, the seven 
lines of the number “8” as displayed on hand calculators. Stimuli 
were masked with a stimulus that combined this “calculator 8” 
with extending lines in all 10 possible directions. Possible masking 
times were 2, 4, or 8 screen cycles (24, 47, or 94 ms). Depending 
on pre-test performance, two of these masking times (one fast and 
one slow condition) were chosen for each participant. Each CRT 
trial consisted of 40 stimuli, 20 for the fast and 20 for the slow 
condition, with randomly chosen stimuli from the two response 
categories. Two trials of each CRT were included in each daily ses-
sion. The stimuli were odd and even numbers for the numerical 
CRT, consonants and vowels for the verbal CRT, and symmetric or 
asymmetric combinations of lines for the figural CRT.
Perceptual speed: comparison tasks
For the numerical version of the comparison task, two strings of 
five numbers each appeared on the left and right of the screen, with 
participants having to decide as quickly as possible whether both 
strings were exactly the same or different. If different, the strings 
differed by just one number. Number strings were randomly assem-
bled using digits 1–9. The verbal version of this task was equivalent 
to the numerical one, using strings of five consonants. In the figural 
version, two “fribbles”, that is, three-dimensional colored objects 
consisting of several connected parts, were shown to the left and 
right of the screen, with participants having to decide as quickly 
as possible whether the two objects were exactly the same or dif-
ferent. If different, the objects differed with respect to one part. 
The fribble images in this task were courtesy of Michael J. Tarr, 
Brown University, http://www.tarrlab.org/). In each session, two 
trials of 40 items were included for each of the verbal, numerical, 
and figural tasks.
Episodic memory
Word lists. Lists of 36 nouns were presented sequentially with 
PT  individually  adjusted  based  on  pre-test  performance.  PT 
were 1000, 2000, or 4000 ms. ISI was 1000 ms. Word lists were 
assembled in such a way that word frequencies, word lengths, 
emotional valence, and imaginability were balanced across lists. 
After presentation, the first three letters of each word had to be 
entered in the correct order using the keyboard. The perform-
ance scores were based on the number of words correctly recalled 
multiplied by the accuracy of their order (ranging from 0 for 
reverse order to 1 for perfect order). Two trials were included in 
each daily session.
Number-noun pairs. Lists of 12 two-digit numbers and nouns in 
plural case pairs (e.g., 22 dogs) were presented sequentially with PT 
individually adjusted based on pre-test performance. PT were 1000, 
2000, or 4000 ms. ISI was 1000 ms. After presentation, the nouns 
appeared in random order and the corresponding numbers had to 
be entered. Two trials were included in each daily session.Frontiers in Aging Neuroscience  www.frontiersin.org  July 2010  | Volume 2  | Article 27  |  5
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displayed. The processing requirement was to decide whether letters 
were displayed regularly or mirror-reversed. After each processing 
step (ranging from 2–5 per block), short or long arrows were shown, 
pointing in one of the eight directions. At the end of one sequence, 
participants had to recall the direction and length of the arrows in 
the order of their presentation and indicate them by clicking on a 
layout with the 16 possible positions of the arrow head. There were 
12 blocks of trials to complete, three per load level.
Episodic memory: word pairs
In this task, a set of 30 randomly combined pairs of nouns was 
shown for 5000 ms each with an ISI of 1000 ms. Immediately after-
wards, the first nouns of the pairs appeared as cues in random order 
and the first three letters of the paired noun had to be entered with 
the keyboard.
Paper-and-Pencil Tasks
For each ability (Gf, EM, and PS), nine tasks from the BIS test 
were included in the transfer task battery, three from each of the 
three content domains. Descriptions of these tasks are available 
from the authors.
data analysIs
Effect  sizes  for  single  tasks  (d)  were  calculated  separately  for 
younger and older adults as mean pre-post differences in accuracy 
divided by the SD at pre-test. Net effects were obtained by subtract-
ing the effect sizes for the control from those of the experimental 
groups. Whether these net effects were statistically significant was 
investigated separately for each age group by testing the interac-
tion of occasion (pre vs. post) and group (practice vs. control) 
with mixed models that allowed for different variances at pre- and 
post-test. Effects at the latent level were analyzed with latent differ-
ence score models (McArdle and Nesselroade, 1994; McArdle and 
Prindle, 2008; Figure 2). In these models, latent factors are defined 
by a set of observed variables (i.e., transfer tasks). Factor loadings 
represent the strength of the relationship between the latent fac-
tor and the observed task, that is, to what degree relations to the 
latent factor account for the means and variance of the observed 
tasks. Latent difference score factors captured improvements at 
the latent level. To render the metric of latent factors interpret-
able, factor loadings and intercepts were constrained to be equal 
across occasions and experimental groups (strong measurement 
invariance). Nested model comparisons were used to test whether 
imposing these constraints was tenable. The evaluation of model 
fit was based on recommendations by Hair et al. (1998). Latent 
effect sizes were calculated by dividing the latent mean differences 
by the latent SDs at pre-test.
For analyses of the BIS test, tasks were parceled for each abil-
ity construct by calculating composites of standardized scores for 
the three tasks of each content domain. As these scores were thus 
already standardized based on pre-test SDs, mean differences are 
in effect-size metric and do not need to be divided by SDs.
For WM near transfer, model fit for strong measurement invari-
ance was reasonable, χ2[44] = 75.9, CFI = 0.95, RMSEA = 0.10. For 
Gf, model fit for strong measurement invariance was also reason-
able, χ2[44] = 61.9, CFI = 0.98, RMSEA = 0.08, and for EM, it was 
good, χ2[44] = 47.6, CFI = 1.00, RMSEA = 0.03.
content material. The far-transfer WM tasks were established com-
plex span tasks. For EM, one computerized word paired-associates 
task and nine tasks from the BIS (three for each content domain) 
were used to assess transfer. Transfer in Gf was measured with 15 
items from the Raven’s Advanced Progressive Matrices as well as with 
nine tasks from the BIS, three for each content domain. Transfer on 
PS was measured with three BIS tasks for each content domain.
WM near transfer: updating tasks
Animal span. As in the alpha span task, a list of consecutively shown 
stimuli had to be ordered continuously. Instead of letters, six names 
of animals were shown one after the other, which had to be ordered 
by size and two-choice decisions on whether a given number cor-
responds to the current rank order of the present animal had to 
made. PT was 3000 ms with an ISI of 1000 ms. Eight blocks were 
conducted in total.
3-Back numerical. As in the spatial version of the 3-back, two-choice 
decisions on whether the current stimulus matches the stimulus shown 
3 steps earlier in the sequence had to be made. Instead of spatial posi-
tions, the 39 stimuli were one-digit numbers (1–9). PT was 3000 ms 
with an ISI of 1000 ms. Six blocks were conducted in total.
Memory updating spatial. In each block of this task, first a display 
of four 3 × 3 grids was shown for 4000 ms in each of which one black 
dot was present in one of the nine locations. Those four locations 
had to be memorized and updated according to shifting operations, 
which were indicated by arrows appearing below the corresponding 
field. PT of the arrows was 2750 ms with an ISI of 250 ms. After six 
updating operations, the four grids reappeared and the resulting 
end positions had to be clicked on. After 18 practice blocks with 
memory load two and six blocks with load three, twelve test blocks 
with load four were conducted and used for scoring.
WM far transfer: complex span tasks
Reading span. We used a version that differed from the original ver-
sion in that participants did not have to memorize words but single 
letters (cf. Kane et al., 2004). Several sentences were presented suc-
cessively. Below each sentence, a letter was displayed. Participants 
had to decide whether the sentences were semantically correct, to 
memorize the letter, and, after a sequence of sentence-letter com-
binations, recall the letters in their order of presentation. Twelve 
blocks of trials, three for each load-level (of 2–5) were included.
Counting span. Our version of Counting Span (CS) was similar to 
the one used by Kane et al. (2004). Several displays of blue circles 
(4–9), green circles (1–5), and blue squares (1–9) were presented. 
Participants had to count the blue circles and make decisions as to 
whether the number was odd or even. The numbers of blue circles 
had to be memorized for later recall in the order of their presenta-
tion. The number of displays ranged from 2–6 per block of trials. 
A total of 15 blocks was completed, three per load-level.
Rotation span. This task combines recall of a sequence of short 
and long arrows, radiating from the center of the display, with a 
letter-rotation task (Kane et al., 2004; Wilhelm and Oberauer, 2006). 
First, a regular or mirror-reversed letter (rotated by 0–315°) was Frontiers in Aging Neuroscience  www.frontiersin.org  July 2010  | Volume 2  | Article 27  |  6
Schmiedek et al.  Training enhances broad cognitive abilities
task, the older training group had significantly lower accuracy at 
pre-test than the older control group (0.57 vs. 0.63; t[140] = −2.75, 
P = 0.007).
Regarding transfer of training to the WM near-transfer tasks 
(Figure 3 and Table 3), significant experimental group × occasion 
interactions were observed for animal span in the older group, 
F(1,140) = 4.97, P = 0.027, d = 0.42, and for 3-back numerical 
in the younger group, F(1,143) = 8.15, P = 0.005, d = 0.42. At 
the latent factor level, significant training gains were obtained for 
younger adults, χ2[1] = 5.11, P = 0.024, d = 0.36, and for older 
adults, χ2[1] = 6.44, P = 0.011, d = 0.31). The fit of the model 
with strong measurement invariance to the data was reasonable, 
χ2[44] = 75.9, CFI = 0.95, RMSEA = 0.10. The group × occasion 
interaction for transfer of training to the WM far-transfer tasks 
(Figure 3) was significant only for older adults and the Rotation 
span (RoS) task, F(1,140) = 14.95, P < 0.001, d = 0.60. This might 
be due to the RoS task being more difficult and thereby leaving 
more room for improvement than CS and Reading Span (RS), for 
which performance was close to ceiling for many younger and older 
adults already at pre-test. Latent factors could not be modeled for 
the WM far-transfer tasks because the necessary requirements for 
measurement invariance were not met.
For transfer of training to the Gf tasks (Figure 3), results dif-
fered again by age group. For younger adults, the group × occa-
sion interaction was significant for the parcels of numerical tasks, 
F(1,143) = 7.48, P = 0.007, d = 0.33, and figural-spatial tasks, 
F(1,143) = 7.84, P = 0.006, d = 0.38, and marginally significant for 
the Raven, F(1,142) = 3.73, P = 0.056, d = 0.33. For older adults, 
performance increased more in the intervention than in the control 
group only for the Raven, F(1,138) = 5.93, P = 0.022, d = 0.54. At 
the latent factor level, significant training gains were obtained for 
younger adults, χ2[1] = 11.62, P < 0.001, d = 0.19, but not for older 
adults, χ2[1] = 0.05, P = 0.830, d = −0.02). The fit of the model 
with strong measurement invariance was reasonable, χ2 [44] = 61.9, 
CFI = 0.98, RMSEA = 0.08.
Moving on to EM in younger adults, the group × occasion inter-
action was significant for the verbal, F(1,143) = 25.03, P < 0.001, 
d = 0.42, the numerical, F(1,143) = 11.99, P = 0.001, d = 0.46, and 
the figural-spatial BIS parcels, F(1,143) = 6.45, P = 0.012, d = 0.24. 
In older adults, only the interaction for the word-pairs test was reli-
able, F(1,140) = 10.42, P = 0.002, d = 0.50. At the latent level, reliable 
Figure 2 | Latent difference score model for modeling training-induced 
changes at the latent factor level. Squares represent observed variables, 
circles represent latent factors and the triangle serves to represent 
information regarding means and intercepts. Free parameters are indicated by 
asterisks. Parameters with equal sign and the same subscript are constrained 
to be equal to each other (i.e., strong measurement invariance with equal 
factor loadings and intercepts across occasions and across experimental and 
control groups). T1: Pre-test occasion; T2: Post-test occasion; V1–V3: observed 
variables (i.e., tasks of one ability); F: latent factor of ability; LC: Latent change 
factor; α: latent mean of ability factor at pre-test; β: mean difference between 
latent ability factors at pre- and post-test (=latent change, or latent difference 
score); γ: variance (individual differences) in latent ability at pre-test; δ: variance 
(individual differences) in latent ability changes between pre- and post-test; ε: 
covariance between individual differences in latent ability at pre-test and latent 
changes. For further information on two-occasion latent difference modeling in 
general, see McArdle and Nesselroade (1994).
Table 2 | Practice effects for individual tasks.
  Net effect size  interaction pre-post ×  Net effect size  interaction pre-post × 
  younger adults  experimental group  older adults  experimental group
WM
Alpha span  1.08  F(1,143) = 35.69, P < 0.001  1.36  F(1,140) = 69.38, P < 0.001
Memory updating numerical  1.20  F(1,143) = 80.74, P < 0.001  0.98  F(1,140) = 44.42, P < 0.001
N-Back figural  0.90  F(1,143) = 28.18, P < 0.001  1.46  F(1,140) = 56.67 , P < 0.001
ePiSODiC MeMOrY
Word lists  0.40  F(1,141) = 6.51, P = 0.012  0.25  F(1,138) = 1.00, P = 0.320
Number-noun pairs  0.43  F(1,143) = 13.82, P < 0.001  0.81  F(1,140) = 14.12, P < 0.001
Object position memory  0.82  F(1,143) = 30.68, P < 0.001  1.00  F(1,140) = 31.22, P < 0.001
Practice effects were calculated for accuracy averaged across the four presentation time conditions.
results
For both age groups, training gains were reliable and of medium to 
strong size for practiced tasks, with the exception of the word list 
EM task in the older adult group (see Table 2). Pre-test differences 
between training and control groups were not significant for both 
age groups (all ps>0.05) with the exception of animal span. For this Frontiers in Aging Neuroscience  www.frontiersin.org  July 2010  | Volume 2  | Article 27  |  7
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and the WM near-transfer tasks, the two WM latent change factors 
(practiced and transfer) turned out to be perfectly correlated. In a 
modified model, the correlation of these factors was therefore fixed 
to one, indicating the presence of one general factor of change in 
WM. Fit of this model was reasonable, χ2[234] = 368.5, CFI = 0.91, 
RMSEA = 0.08. The correlation of the EM transfer latent change 
factor with the EM practiced latent change factor was r = 0.58 and 
significant (∆χ2[1] = 8.4, P = 0.004), while its correlation with the 
WM latent change factors was only r = 0.25 and not significant 
(∆χ2[1] = 1.2, P = 0.273). Similarly, in contrast to their perfect 
correlation among each other, the correlation of the latent WM fac-
tors with the latent change factor of EM practiced tasks was much 
smaller, r = 0.52 (∆χ2[1] = 6.3; P = 0.012. Thus, latent correlations 
of practiced tasks correlated more strongly with transfer tasks of the 
corresponding than with transfer tasks from a different ability. This 
dissociation strengthens the interpretation of the demonstrated 
latent transfer effects as ability-specific – that is, broader than task-
specific effects but more narrow than potential effects generated by 
general improvements in motivation or self-concept.
dIscussIon
We found positive transfer to the latent factor of WM ability in both 
younger and older adults when the tasks constituting this factor had 
similar processing requirements but were based on different content 
material than the practiced tasks. Transfer to the latent factor of 
training gains were again found for younger adults, χ2[1] = 31.97, 
P < 0.001, d = 0.52, but not for older adults, χ2[1] = 1.22, P = 0.269, 
d = 0.09. The fit of the model with strong measurement invariance 
was good, χ2[44] = 47.6, CFI = 1.00, RMSEA = 0.03.
Finally, for the BIS PS tasks, younger adults showed signifi-
cant  group  ×  occasion  interactions  for  the  numerical  parcel, 
F(1,143) = 6.93, P = 0.009, d = 0.20, and the figural-spatial parcel, 
F(1,143) = 4.58, P = 0.034, d = −0.26. At the latent level, interac-
tions were not reliable.
All effects reported so far are based on comparisons of the inter-
vention to no-training control groups. This raises the question 
to what degree non-specific influences like general improvements 
in achievement motivation or self-concept contributed to these 
effects. To address this issue, we further examined the patterns 
of correlations among improvements in the experimental group. 
Specifically, we investigated how strongly individual differences 
in improvements on the latent factors of the practiced tasks were 
related to individual differences in improvement on the latent fac-
tors of the transfer tasks. Thus, we correlated the latent change 
factors of practiced EM and WM with the latent change factors of 
transfer EM and near-transfer WM (cf. McArdle and Prindle, 2008). 
Correlations with the Gf latent change factor could not be estimated 
because individual differences in improvements were not reliable 
for this factor. In a model combining the latent change models of the 
practiced EM tasks, the EM transfer tasks, the practiced WM tasks, 
Figure 3 | Observed and latent net effect sizes of performance gains from 
pre-test to post-test for WM, gf/reasoning, and eM. Bars show net effect sizes 
(standardized changes in the experimental group minus standardized changes in 
the control group), separately for younger (gray bars) and older (black bars) adults. 
Statistically significant net effect sizes correspond to reliable interactions (*P < 0.05) 
between group (experimental vs. control) and occasion (pre-test vs. post-test).Frontiers in Aging Neuroscience  www.frontiersin.org  July 2010  | Volume 2  | Article 27  |  8
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ideas how transfer effects in later adulthood might be strengthened 
and broadened come to mind. First, we did not adapt task difficulty 
across the training phase dynamically but kept it at fixed levels based 
on pre-test performance, which potentially led to less than optimal 
performance demands. Second, the recent training literature suggests 
that the most effective ingredients of the training program may have 
been the WM tasks (e.g., Klingberg et al., 2005; Jaeggi et al., 2008), 
so the overall effectiveness of the training may increase if more time 
was allotted to WM practice. Third, most of the paper-and-pencil 
tasks used for transfer assessment were paced, possibly restricting 
the opportunity for older adults to display improvements in Gf and 
EM. Older adults’ reliable transfer to the Raven and the Word Pairs 
task supports this interpretation because both of these tasks were 
carried out under less time pressure and with less of a need to move 
on from one task to the next than was the case for the BIS test. To be 
able to better identify factors that influence the effectiveness of the 
training, future research should also include training groups that 
receive more specific training (e.g., only WM tasks) as well as active 
control groups who participate in interventions that can increase 
motivation and self-concept but, based on theoretical considerations, 
should not produce transfer at the ability level.
Whereas  flexibility-based  changes  in  cognitive  strategies  and 
plasticity-based  acquisition  of  knowledge  (e.g.,  stimuli-response 
mapping) are probably responsible for the lion’s share of improve-
ments in practiced tasks, the observed transfer effects are unlikely to 
be a mere result of such changes. Rather, the broad and far nature of 
the transfer effects observed in the younger adults, and their pres-
complex span WM tasks was not discernible; inspection of raw data 
revealed that this might be due to ceiling effects. In younger adults, 
reliable transfer of training was observed for the latent factor of Gf. 
While the size of this effect was small, its scope was impressive, given 
that the factor was based on nine very heterogeneous reasoning tasks 
that share no obvious overlap in task-specific characteristics with 
the practiced tasks. In older adults, transfer to Gf was not reliable. 
For EM, results at the latent level were even stronger, but again 
restricted to younger adults. Finally, the lack of transfer to PS may 
reflect the considerable lack of similarity between the sensory and 
psychomotor requirements of the computerized two-choice reaction 
tasks used for cognitive practice and the paper-and-pencil transfer 
tasks. Also, visual search and psychomotor skills are known to show 
little generalization across tasks (Clancy and Hoyer, 1994).
As expected, the results of this study demonstrate that cogni-
tive intervention is more effective in earlier than in later adulthood, 
supporting the notion that cognitive plasticity declines throughout 
adulthood and old age (Brehmer et al. 2007; Shing et al., 2008). 
Surprisingly, and contrary to the predicted and observed pattern 
of age-related reductions in the scope and amount of transfer, the 
effect sizes for transfer to WM near were of similar size in the two age 
groups. Possibly, the individually adjusted but fixed difficulty levels of 
the WM tasks posed less of a challenge to younger adults than to older 
adults in later portions of practice so that older adults were operating 
at a more plasticity-inducing difficulty level than younger adults. 
Future age-comparative studies with adaptive training procedures 
(e.g., Klingberg et al., 2005) are needed to resolve this issue. Some 
Table 3 | Transfer effects for individual tasks.
  Net effect size  interaction pre-post ×  Net effect size  interaction pre-post × 
  younger adults  experimental group  older adults  experimental group
WM – NeAr
Animal span  0.08  F(1,143) = 0.26, P = 0.611  0.42  F(1,140) = 4.97 , P = 0.027
N-Back numerical  0.42  F(1,143) = 8.15, P = 0.005  0.10  F(1,140) = 0.44, P = 0.507
Memory updating spatial  0.12  F(1,143) = 0.69, P = 0.409  0.11  F(1,140) = 0.62, P = 0.434
WM – FAr
Reading span  0.08  F(1,143) = 0.20, P = 0.655  0.23  F(1,140) = 1.94, P = 0.166
Counting span  −0.01  F(1,143) = 0.00, P = 0.964  0.08  F(1,140) = 0.21, P = 0.644
Rotation span  0.10  F(1,143) = 0.50, P = 0.481  0.60  F(1,140) = 14.95,P < 0.001
reASONiNg
Verbal  0.13  F(1,143) = 1.26, P = 0.263  −0.01  F(1,140) = 0.00, P = 0.951
Numerical  0.33  F(1,143) = 7 .48, P = 0.007  −0.01  F(1,140) = 0.01, P = 0.906
Figural/spatial  0.38  F(1,143) = 7 .84 P = 0.006  0.01  F(1,140) = 0.00, P = 0.960
Raven  0.33  F(1,142) = 3.73, P = 0.056  0.54   F(1,138) = 5.39, P = 0.022
ePiSODiC MeMOrY
Verbal  0.52  F(1,143) = 25.03, P < 0.0001  0.16  F(1,140) = 2.91, P = 0.090
Numerical  0.46  F(1,143) = 11.99, P = 0.001  0.08  F(1,140) = 0.35, P = 0.557
Figural/spatial  0.25  F(1,143) = 6.45, P = 0.012  −0.09  F(1,140) = 0.56, P = 0.457
Word pairs  0.24  F(1,143) = 2.12, P = 0.147  0.50  F(1,140) = 10.24, P = 0.002
PerCePTuAL SPeeD
Verbal  0.07  F(1,143) = 0.61, P = 0.435  −0.14  F(1,140) = 1.92, P = 0.168
Numerical  0.20  F(1,143) = 6.93, P = 0.009  0.01  F(1,140) = 0.02, P = 0.887
Figural/spatial  −0.26  F(1,143) = 4.58, P = 0.034  0.04  F(1,140) = 0.19, P = 0.667Frontiers in Aging Neuroscience  www.frontiersin.org  July 2010  | Volume 2  | Article 27  |  9
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ence at the ability level, suggests that aspects of cognitive processing 
efficiency have been improved (Lövdén et al., 2010). If this is the case, 
then one may also expect that the neural underpinnings of transfer 
effects are changes that affect the efficiency of the neural system in 
relatively pronounced ways. Little is however currently known about 
the neural mechanisms of transfer effects. In one study (Dahlin et al., 
2008), transfer of improvements from working-memory (updating) 
training to an unpracticed working-memory task (n-back) was medi-
ated by changes in striatal activity measured by the BOLD response. 
Considering the link between release of dopamine and the BOLD 
response (Schott et al., 2008), the putative role of the dopaminergic 
system in memory updating (e.g., Hazy et al., 2006), and the sensitiv-
ity of the dopaminergic system to working-memory training (McNab 
et al., 2009), it seems likely that alterations in the dopaminergic system 
may mediate transfer effects that reflect improved working-memory 
efficiency. Other neural mechanisms may also play important roles 
as mediators of transfer effects. For example, white-matter integ-
rity displays experience-dependent plasticity (Scholz et al., 2009) in 
humans and improvements in white matter may have pronounced 
effects on the synchronous operations of brain regions that higher-
order cognition is highly dependent on (Fields, 2008). Investigating 
the neural mechanisms of transfer effects is an important avenue 
for further research.
In conclusion, intensive and long-term cognitive practice can 
reach beyond improvements of tasks that were practiced, or are 
very similar to the practiced ones, by enhancing cognitive abilities. 
Importantly, improvements on the latent ability factors represent-
ing the practiced tasks correlated most strongly with improve-
ments on factors representing transfer tasks from the same ability 
domain, suggesting that the observed gains can be interpreted in 
terms of mechanisms operating at the level of cognitive abilities. 
WM, Gf, and EM are cognitive resources of eminent importance 
for countless demands in everyday life (e.g., Baltes et al., 1999). 
Our demonstration that these abilities can be improved through 
training is an important step towards designing large-scale inter-
ventions  that  can  positively  influence  cognitive  development 
in adulthood.
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